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AN ONTOGENETIC STUDY OF LACTATE DEHYDROGENASE IN 
POROCEPHALUS CROTALI (PENTASTOMIDA)
CHAPTER I  
INTRODUCTION
The d e t a i l e d  c h a r a c te r i z a t i o n  o f  enzymes in v o lv e d  in  m e ta b o lic  
r e g u la t io n  o f  m u l t i s te p  r e a c t io n  sequences  s e rv e s  a s  a  fo u n d a tio n  
f o r  c u r r e n t  i n v e s t ig a t io n s  o f  th e  r e g u la t io n  o f  m e ta b o lic  p ro c e s s e s  
in  l i v in g  o rg an ism s. P a r t i c u l a r  i n t e r e s t  has been  g e n e ra te d  w ith  
re g a rd  to  r e g u la to ry  enzymes w hich i n i t i a t e  r e a c t io n  sequences and 
d i c t a t e  th e  r a t e  o f  th e s e  seq u en ce s . E xam ination  o f  a  number o f  
r e g u la to r y  enzymes h as  re v e a le d  s t r u c t u r a l  and k i n e t i c  c h a r a c t e r i s t i c s  
t h a t  a re  g e n e ra l ly  n o t t y p i c a l  o f  o th e r  enzymes : e . g . ,  th e s e  r e g u la to r y  
enzymes a re  c h a r a c te r iz e d  as fo llo w s  : (1 ) th e y  a r e  composed o f  sub­
u n i t s ,  (2 ) th e  s u b s t r a t e  s a tu r a t i o n  cu rv es  a re  u s u a l ly  s ig m o id a l, 
and (3 ) th ey  undergo c o n fo rm a tio n a l changes when exposed to  " e f f e c to r s "  
(Changeux, 1 963). The e f f e c t o r s ,  w hich may b e  a c t iv a t o r s  o r  i n h i b i t o r s ,  
a r e  bound to  th e s e  enzymes a t  s i t e s  d i s t i n c t l y  d i f f e r e n t  from th e  
s u b s t r a t e  s i t e s .  T h is  ty p e  o f  a l t e r a t i o n  has b een  term ed an a l l o s t e r i c  
t r a n s i t i o n  (Monod e t  a l . , 1965).
R ece n tly  th e  a p p l ic a t io n  o f  e l e c t r o p h o r e t ic  a n d , to  a  l e s s e r
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e x t e n t ,  ch rom atog raph ic  te c h n iq u e s  has le d  to  th e  i s o l a t i o n  and 
c h a r a c te r i z a t i o n  o f  m u l t ip le  form s o f  e n z y m a tic a lly  a c t iv e  p r o te in s .  
T hese  enzym es, w hich a r e  c h e m ic a lly  d i s t i n c t  s p e c ie s  o f p r o te in  
m o le c u le s  o c c u rr in g  i n  th e  same s p e c ie s  and c a ta ly z in g  th e  same b io ­
ch em ica l r e a c t io n ( s )  a r e  r e f e r r e d  to  a s  isoenzym es. L a c ta te  dehydro­
g en ase  (LDH) , m a lic  dehydrogenase  (MDH), a ld o la s e ,  and h ex o k in ase  
a r e  exam ples o f  isoenzym ic sy stem s w hich have been  d e s c r ib e d  from 
an im al t i s s u e s  (V esse l and B aro n , 1968; M arkert and U rsp ru n g , 1962; 
L in d sa y , 1963; and T hom e, 1 963).
The h y p o th e s is  t h a t  r e g u la t io n  o f  m e ta b o lic  r e a c t io n  sequences 
co u ld  b e  b ro u g h t ab o u t by a l l o s t e r i c  t r a n s i t i o n s ,  d i f f e r e n t i a l  a c t iv a ­
t i o n ,  o r  in h i b i t i o n  o f  isoenzym es i s  b a se d  on th e  o c c u rre n c e  o f  i s o ­
enzymes and enzymes which u n dergo  a l l o s t e r i c  t r a n s i t i o n s .  M etab o lic  
r e g u la t io n  o f  t h i s  ty p e  was d em o n stra ted  by W olin (1 9 6 4 ), who showed 
t h a t  LDH from S tre p to c o c c u s  b o v is  s p e c i f i c a l l y  r e q u i r e s  f r u c to s e - 1 ,6 -  
d ip h o sp h a te  f o r  a c t i v i t y  and o n ly  p h o sp h a te  and f ru c to s e -1 ,6 -d ip h o s p h a te  
p re v e n te d  in a c t iv a t io n  of th e  dehydrogenase .
T r ic a rb o x y lic  a c id  c y c le  (T .C .A .) in te rm e d ia te s  have been  r e ­
p o r te d  a s  b e in g  a c t iv a to r s  o f  LDH^ (s lo w e s t m ig ra tin g  band tow ards 
th e  anode a t  pH 7 .6 )  i n  r a b b i t  m uscle  ( F r i t z ,  1 9 6 6 ), and i t  has been  
s u g g e s te d  th a t  l a c t a t e  accu m u la tio n  in  t i s s u e  may b e  due in  p a r t  
to  in c re a s e d  reduced  n ic o tin a m id e  ad en in e  d in u c le o t id e  (NADH) from 
g ly c o ly s is  and , in  p a r t ,  to  a c t i v a t io n  o f  LDĤ  by th e  T .C .A . i n t e r ­
m e d ia te s .  M arkert and U rsp rung , (1962) had p re v io u s ly  su g g e s te d  th a t  
th e  fundam ental r o l e  o f  LDH i s  r e g u la t io n  of th e  NAD /̂NADH r a t i o .
A c tiv a tio n  would r e s u l t  when more NAD  ̂ i s  a v a i la b le  from  o th e r  m eta­
b o l i c  pathways ( F r i t z ,  1966).
A lthough LDH, MDH, and o th e r  enzymes have been  c h a ra c te r iz e d  
in  a  number o f  h e lm in th s  by h is  to  ch em ica l, a s  w e ll  a s  s p e c tro p h o to m e tr ic  
te c h n iq u e s , few o f  th e s e  s tu d ie s  have concerned  th e  o n to g e n e t ic ,  
p h y s io lo g ic a l ,  and a d a p tiv e  a s p e c ts  o f th e  enzyme.
Rhodes e ^  a l . , (1 9 6 4 ), u s in g  D E A E -cellu lose io n  exchange columns 
and w orking w ith  e x t r a c t s  o f A sc a ris  suum and sw ine h e a r t  m u sc le , 
found th a t  e x t r a c t s  from  b o th  t i s s u e s  c o n ta in e d  th r e e  isoenzym es o f 
MDH. These isoenzym es d i f f e r e d  in ;  (1) r e l a t i v e  m ig ra t io n  r a t e  in  
s ta r c h - g e l  e l e c t r o p h o r e s i s ,  (2) c o n d it io n s  f o r  a d s o rp t io n  and e lu t io n  
from D EA E-cellulose io n  exchanges colum ns, (3) s t a b i l i t y  a t  55 C,
(4) in h i b i t i o n  by z in c  io n ,  and (5) r e l a t i v e  a c t i v i t y  a t  d i f f e r e n t  
pH v a lu e s . Dungan and de Luge (1966) d em o n stra ted  t h a t  m u l t ip le  
m o lecu la r s p e c ie s  o f  LDH and MDH e x i s t  in  M acracan thorhynchus h iru d in a c e u s . 
Conde-Del P ino  e t  a l . ,  (1966 , 1968) d isc o v e re d  th a t  LDH and MDH is o ­
enzymes a re  p r e s e n t  in  e x t r a c t s  o f  a d u l ts  and c e r c a r i a e  o f S ch istosom a 
a a n s o n i . Bayne e t  a l . , (1968) d em o n stra ted  th a t  w hole o rgan ism  
e x t r a c t s  o f  th e  f ro g  lu n g  trem ato d e  Hem atoloechus m ed iop lexus c o n ta in  
fo u r  isoenzym e f r a c t i o n s ,  two o f  which co rresp o n d  to  th e  two Isoenzym es 
o f  f ro g  lung  t i s s u e .  C oles (1970) re v e a le d  th a t  m ansonl and 
haematobium isoenzym e p a t te r n s  o f  LDH, MDH, and g lu c o se -6 -p h o sp h a te  
dehydrogenase v a ry  a c c o rd in g  to  th e  s e x , s p e c ie s  and d ev e lo p m en ta l 
s t a g e s .
Rhodes e t  a l . , (1 9 7 0 ), found seven f r a c t io n s  o f  MDH in  s o lu b le
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e x t r a c t s  from a d u l t  m ale and fem ale Haemonchus c o n to r tu s . The i s o ­
e l e c t r i c  p o in ts  o f  th e s e  seven  f r a c t io n s  w ere found t o  b e  betw een 
pH 5 .9  and 9 .0  by u s in g  th e  te ch n iq u e  o f  i s o e l e c t r i c  fo c u s in g . I s o ­
e l e c t r i c  fo c u s in g  in  p o ly acry lam id e  and s ta r c h - g e l  e l e c t r o p h o r e s i s  
f a i l e d  t o  g iv e  d i s c r e t e  bands o f  MDH a c t i v i t y .  The pH o p tim a , maximal 
v e l o c i ty  , M ichae lis-M en ten  c o n s ta n t (K ^), and th e  a f f i n i t y
c o n s ta n t  (K o r  1/K ) w ere d i f f e r e n t  f o r  H. c o n to r tu s  v s .  sheep  serum a m  — --------
MDH.
E p ig e n e tic  a d a p ta t io n s  shou ld  b e  p a r t i c u l a r l y  im p o r ta n t i n  
an im a ls  w ith  complex l i f e  c y c le s  ( F a i r b a im ,  1970). The eggs o f
P o ro cep h a lu s  c r o t a l i  a r e  a b le  to  s u rv iv e  f r e e  f o r  a  l im i te d  tim e .
Im m ediate h a tc h in g  o f  th e  eggs and developm ent o f  p rim ary  la rv a e  i s  
in d u c te d  by th e  q u i t e  d i f f e r e n t  c o n d itio n s  en co u n te red  in  th e  i n ­
t e s t i n e  o f  th e  in te rm e d ia te  h o s t .  The nymph tra n s fo rm s  to  a s e x u a l ly  
m a tu re  a d u l t  in  th e  lung  o f  c r o t a l i d  h o s ts .  C le a r ly ,  th e r e  m ust be 
g r e a t  d i f f e r e n c e s  in  th e  p h y s io lo g ic a l  c o n d it io n s  u n d e r w hich LDH 
f u n c t io n s  i n  th e  v a r io u s  l i f e  c y c le  s ta g e s .
Thus th e  o b je c t iv e s  o f  t h i s  re s e a rc h  w ere to  i n v e s t i g a t e  and 
d e m o n s tra te  i n  th e  eg g , s i x th  nymph a l  s t a g e ,  and a d u l t s  o f  c r o t a l i  
th e  fo llo w in g : (1) LDH a c t i v i t y ;  (2) m u l t ip le  m o le c u la r  forms
(isoenzym es) o f t h i s  enzyme; (3 ) k in e t i c  d i f f e r e n c e s  a s  shown by
i s o e l e c t r i c  fo c u s in g  s e p a r a t io n s ;  (4) changes in  th e  p r o t e i n ,  l i p o ­
p r o te in  and LDH p a t t e r n s ;  and (5) su b u n it  s t r u c t u r e  o f  LDH.
CHAPTER II
METHODS AND MATERIALS 
Eggs w ere o b ta in ed  from  th e  d i s t a l  u te r u s  o f  g ra v id  2« c r o t a l i  
fe m a le s , ta k e n  from r a t t l e s n a k e s  (C ro ta lu s  a t r o x ) . Eggs w ere p la ced  
In  a p h o sp h a te  b u ffe re d  r e p t i l e  R in g e r* s  s o lu t i o n  (pH 7 .2 ) ,  and 
25 to  40 eggs w ere g iv en  p e r  os to  a  s t r a i n  o f  m ice  Inb red  f o r  35 
y e a r s . Development was a llow ed  to  c o n t in u e  ^  v iv o  to  th e  I n f e c t iv e  
s ix th  nymph. The rem ain d er o f  th e  egg s u s p e n s io n ,  and th e  n o n -g ra v id  
a d u l t s  w ith  empty g u ts ,  w ere washed tw ic e  w ith  T r l s - g ly c ln e  b u f f e r  
(pH 8 .2 ,  I o n ic  s t r e n g th  0 .0 5 ) ,  and f ro z e n  a t  -1 5  to  -20  C In  f r e s h  
T r l s - g ly c ln e  b u f f e r .
F or a l l  ex p erim en ts  in v o lv in g  nym phal s t a g e s ,  on ly  th o se  w ith  
(1) empty g u ts  and (2) e i t h e r  moving f r e e  o r  e n c y s .a d  In  th e  In ­
t e s t i n a l  m e sen te ry  w ere s e le c te d .  They w ere c u t  f r e e  o f  h o s t t i s s u e  
and washed w ith  mammalian R in g e r 's  s o lu t i o n  (pH 7 .6 ) ,  allow ed to  
e q u i l i b r a t e  f o r  30 m in u tes  In  T r l s - g ly c ln e  b u f f e r  (pH 8 .8 ,  Io n ic  
s t r e n g th  0 .0 5 ) a t  5 to  7 C, and re su sp e n d e d  In  two ml o f  f r e s h  T r l s -  
g ly c ln e  b u f f e r .  S u b seq u en tly  th ey  w ere hom ogenized In  an  a l l  g la s s  
P o tte r -E lv e h je m  hom ogenlzer a t  4 C. The p r e v io u s ly  fro z e n  eggs and 
a d u l ts  w ere a llo w ed  to  thaw and th e n  hom ogenized as  d e sc r ib e d  above.
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A ll hom ogenates w ere c e n t r i f u g e d  a t  5 C In  a  h ig h  speed  r e f r i g e r a t e d  
c e n t r i f u g e  a t  30 ,000 x  g f o r  45 m in u te s . The s u p e rn a ta n t  was d eca n ted  
and u sed  f o r  th e  s e p a r a t io n s  o f th e  f r a c t io n s  by p o ly a c ry la m id e -g e l  
e l e c t r o p h o r e s i s ,  f r a c t i o n a t io n  o f  th e  enzyme by i s o e l e c t r i c  f o c u s in g ,  
s p e c tro p h o to m e tr ic  a s s a y s  f o r  LDH and d e te rm in a tio n  o f  p r o t e i n .
The m ethods o f  O r s te in  and D avis (1962) w ere u sed  f o r  p o ly a c ry la ­
m id e -g e l e l e c t r o p h o r e s i s .  The a n o d a l system  w ith  a  T r i s - g ly c in e  
u p p e r b u f f e r  (pH 9 .2 )  and a  T ris-H C l low er b u f f e r  (pH 8 .3 )  was u se d . 
Egg, nymph, and a d u l t  p r o te in  sam ples (200 p i )  sam ples o f  mouse and 
sn ak e  serum  (50 p i )  w ere added to  s e p a r a te  g e l  colum ns. A c u r r e n t  
o f  1 .5  m a /g e l column was a p p l ie d  u n t i l  a  band o f  t r a c k in g  d y e , 
(brom ophenol b lu e )  m ig ra te d  to  th e  bo ttom  o f  th e  g e l  colum ns.
To s t a i n  LDH isoenzym es, g e l  colum ns w ere removed from  th e  
g la s s  tu b e s  and im m ed ia te ly  p la ced  in  th e  fo llo w in g  s t a i n in g  medium 
fo r  30 m in u tes  a t  37 C: 10 m l 0 .3  H T r i s - g ly c in e  b u f f e r ,  pH 8 .4 ;
5 ml 0 12 M l i th iu m  l a c t a t e ;  12 mg NAD**" (3 .7 6  x 10 * M); 25 mg
p h en az in e  m e th o s u lfa te  (1 .6 3  x 10 * M); 13 mg n i t r o  BT ( 2 , 2 ' - d i - p -
n it ro p h e n y 1 - 3 , 3 ' ( 3 , 3 ' -d im e th o x y -4 , 4 '-b ip h e n y le n e  d i te t r a z o l iu m )  ;
5 mg p o ta ss iu m  cy an id e  (3 .0 9  x 10 ^  M); and 0 .56  M h y d ra z in e ,  pH 8 .4 .
Gels w ere th e n  f ix e d  i n  5% a c e t i c  a c id .  V is u a l i z a t io n  o f  l i p o ­
p r o te in  was ach iev ed  by s t a i n in g  g e l s  in  0.5% Ponceau S f o r  24 h o u r s ,  
o f  p r o te in  by s t a in in g  g e ls  in  5% amino Schw artz (n a p h th o l b lu e -b la c k )  
fo r  30 m in u te s . D e s ta in ln g  fo r  b o th  was i n  5% a c e t i c  a c id .
G els w ere scanned  w ith  a m odel 2400 G ilfo rd  sp e c tro p h o to m e te r  
w ith  l i n e a r  t r a n s p o r t  a tta c h m e n t a t  th e  fo llo w in g  w a v e le n g th s :
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LDH, 620 mp; p r o t e i n ,  570 my; l i p o p r o te in ,  400 my. R e la t iv e  e l e c t r o ­
p h o r e t i c  flow  r a t e s  (E^) f o r  LDH, p r o te in  and l i p o p r o t e i n  w ere d e te r ­
m ined by a v e ra g in g  th e  v a lu e s  o b ta in e d  from th e  sc a n n in g  o f  s ix  in ­
d iv id u a l  g e l s .
P h o to g ra p h ic  re c o rd s  o f  g e ls  w ere made w ith  a  F en ta x  S po tm atic  
SLR cam era u s in g  Kodachrome I I  f i lm  and t r a n s m it te d  l i g h t .
I s o e l e c t r i c  fo c u s in g  was by th e  method o f  V e s te rb e ry  and Svennson 
(1966) on an  LKB 440 ml i s o e l e c t r i c  fo cu s in g  colum n. A w ide ran g e  
am pholine c a r r i e r  (pH 3 -10) was u se d , and th e  p r o te in  sam ple e l e c t r o ­
fo cu sed  f o r  48 h o u rs  u s in g  a  p o t e n t i a l  o f  800 v o l t s  (40 -45  m a). A f te r  
e l e c t r o f o c u s in g ,  th e  c o n te n ts  o f  th e  fo cu s in g  column w ere  f r a c t io n a te d  
w ith  an a u to m a tic  f r a c t i o n  c o l l e c t o r  in to  120 e q u a l p o r t i o n s .  The 
pH o f  a l l  f r a c t io n s  was de te rm in ed  w ith  a sem i-m icro  com bination  
e l e c t r o d e .  F r a c t io n s  w ere a ssay ed  f o r  LDH ( L - l a c t a t e :  NAD o x id o re d u c ta s e , 
EC 1 .1 .1 .2 7 .)  a c t i v i t y  by m easuring  th e  r e d u c t io n  o f  NAd"*" i n  th e  
p re s e n c e  o f  L - l i th iu m  l a c t a t e  (R om berg , 1 955 ). T h is  same a ssay  
method was a l s o  used  f o r  d e te rm in in g  LDH a c t i v i t y  i n  th e  o r ig i n a l  
p r o te in  s u p e r n a ta n ts .  Enzyme a s sa y s  were co n d u c ted  u s in g  s a tu r a t in g  
s u b s t r a t e  c o n c e n tra t io n  (1 .2  x 10 ^ M) and v a ry in g  th e  c o fa c to r  con­
c e n t r a t i o n  (NAD^). At l e a s t  fo u r  a ssay s  w ere p erfo rm ed  a t  each sub­
s t r a t e  and c o f a c to r  c o n c e n tr a t io n .  In  a l l  enzyme a s s a y s  0 .25  mg 
p r o te in  was u se d . A G ilfo rd  model 2000 sp e c tro p h o to m e te r  w ith  a 
Beckman DU m onochrom ator was used f o r  re c o rd in g  th e  p ro g re s s  o f  a l l  
enzyme a s s a y s .  The r e s u l t s  o f  th e s e  a ssay s  w ere  e v a lu a te d  g ra p h ic a l ly  
by p l o t t i n g  r e a c t io n  v e l o c i t i e s  a g a in s t  s u b s t r a t e  c o n c e n tr a t io n s .
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For m ost enzymes t h i s  y ie ld s  a  h y p e rb o lic  s a tu r a t io n  c u rv e . However,
fo r  many r e g u la to r y  enzymes s im i la r  p lo t s  produce sigm oid  c u rv e s .
Such c u rv e s  in d i c a te  th e  p re se n c e  o f  two o r  more d ep en d en t b in d in g
s i t e s  on th e  enzyme m o lecu le . S im ila r  i n t e r a c t io n s  f r e q u e n t ly  o ccu r
in  th e  b in d in g  o f  th e  a l l o s t e r i c  e f f e c t o r  s u b s ta n c e s .  T h is  s u g g e s ts
th a t  some r e g u la to r y  enzymes c o n ta in  more th an  one b in d in g  s i t e .
F u rth e rm o re , from t h i s  ty p e  o f  g ra p h , one can e x t r a p o la te  th e  m axim al
v e lo c i ty  (V ) ,  M ichae lis-M en ten  c o n s ta n t  (K ) ,  and  th e  a f f i n i t y  co n - in n
s t a n t  (K o r  1/K ) .
3  m
D ata  w ere  a ls o  re p re s e n te d  g r a p h ic a l ly  by a  L inew eaver-B urke
p lo t  (1 /v  v s .  1 / s ) ,  s in c e  t h i s  ty p e  o f  p lo t  a llo w s  in t e r p r e t a t i o n
o f  V , and  K w ith o u t e x t r a p o la t io n .  D e r iv a tio n s  o f  e q u a tio n s  a re  m m
from D ixon and Webb (1964) and W a lte r  (1965).
When a  s ig m o id a l cu rv e  was o b ta in e d ,  in d i c a t in g  an  a l l o s t e r i c
mechanism i n  th e  enzyme, a H i l l  p l o t  was used  to  d e te rm in e  K , V ,n  m
and th e  minimum number o f  i n t e r a c t i n g  s i t e s  ( n ) .
U sing  th e  M ichae lis-M en ten  assum ption  o f  e q u i l ib r iu m  k i n e t i c s :
° K + (S )°  n
w here v^ i s  i n i t i a l  v e lo c i ty ,  (S) i s  s u b s t r a te  c o n c e n tr a t io n ,  and
n i s  th e  number o f  in t e r a c t in g  b in d in g  s i t e s ,  and by ta k in g  lo g  form
of th e  above e q u a tio n  and a r ra n g in g  th e  log  e x p re s s io n  f o r  th e
e q u a tio n  to  f i t  a  s t r a i g h t  l i n e  (y ■ mx + b ) , one o b ta in s  th e
fo llo w in g  e q u a t io n :
le g  (v /V -  V  ) -  n  lo g  (S) -  lo g  K o HI o m
I f  th e  d a ta  a r e  p lo t t e d  u s in g  th e  c o o rd in a te s  lo g  (v  /V -  v )o n  o
v s .  lo g  ( S ) , a  H i l l  p lo t  r e s u l t s  where n  eq u a ls  th e  minimum number 
o f  i n t e r a c t in g  b in d in g  s i t e s .  The e n t i r e  s a tu r a t io n  ra n g e  from  
15 to  85% was em ployed.
I n  o rd e r  to  d e te rm in e  th e  pH op tim a o f  th e  enzyme, a ssay s  u n d er 
s a tu r a t io n  c o n d itio n s  w ere c a r r i e d  o u t i n  a pH range o f  5 .0  to  10 .0  
u s in g  th e  fo llo w in g  th r e e  b u f f e r s ;  (1 ) 0 .0 1  M P hosphate  (2) 0 .0 1  M 
T r i s - g ly c in e ;  (3) 0 .0 1  M G ly c y Ig ly c in e .
The a ssay  m ix tu re s  w ere  a l s o  s u b je c te d  to  g raded  s e r i e s  o f  
te m p e ra tu re s  from 10 to  60 C f o r  30 m in u tes  in  o rd e r to  d e te rm in e  
optimum te m p e ra tu re s . T hese a ssa y s  w ere perform ed a t  s a tu r a t io n  
(1 .2  X 10 ^ M L -L ith ium  l a c t a t e ) .
T o ta l  p r o te in  o f  th e  s u p e rn a ta n t  f l u i d  was d e te rm in ed  by th e  
method o f Lowry e t  a l . , (1 9 5 1 ), u s in g  c r y s t a l l i n e  b o v in e  serum a l ­
bumin a s  a s ta n d a rd  and by  d e te rm in in g  a  280/260 mp w av e len g th  r a t i o  
and r e f e r r in g  to  a  nomograph (Warburg and C h r is t i a n ,  1942).
D is s o c ia t io n ,  reco m b in a tio n  and h y b r id iz a t io n  ex p erim en ts  w ere 
conducted  acco rd in g  to  th e  m ethods o f  M ark ert and M assaro (1968), 
m o d ifie d  to  p ro v id e  p a r t i a l  s ta in in g  o f  th e  g e ls  fo r  ap p ro x im ate ly  
f iv e  m in u te s . The g e l  bands from th e  e g g , nymph, and a d u l t  s ta g e s  
w ere e x c ise d  w ith  a  r a z o r  b la d e  and im m ediate ly  p la c e d  i n  c h i l l e d  
IM NaCl s o lu t io n  and f ro z e n  a t  -15  C f a r  24 h o u rs . Sam ples w ere 
thaw ed, hom ogenized, and d ia ly z e d  a g a in s t  d i s t i l l e d  w a te r  f o r  two 
h o u rs . Samples w ere th e n  used  in  v a r io u s  reco m b in a tio n  and h y b r id iz a ­
t i o n  ex p erim en ts .
CHAPTER I I I  
RESULTS
S in ce  th e  nymphal and a d u l t  s ta g e s  o f  2» c r o t a l i  consume h o s t  
b lo o d , LDH a ssa y s  w ere  perfo rm ed  on th e s e  two p a r a s i t i c  s ta g e s  in  
o rd e r  to  d e te rm in e  w heth er t h e i r  g u t c o n te n ts  (m ostly  b lo o d ) would 
e x h ib i t  an  e le v a te d  enzym atic  r a t e .  G raphs 1 and 2 show th e  r e s u l t s  
o f  th e  LDH a ssa y s  on  th e  nytq>h and a d u l t  (e q u a l w e ig h t ± 0 . 2 7  mg) 
p r o te in  hom ogenates w ith  and w ith o u t g u t  c o n te n ts .  V ery l i t t l e  in c re a s e  
in  v e l o c i t i e s  o r  d i f f e r e n c e  i n  K *s w ere  d e te c te d .
A ssays perform ed  u s in g  w hole t i s s u e  hom ogenates and v a r io u s  
s u b s t r a t e  c o n c e n tra t io n s  (L -L ith ium  l a c t a t e )  f o r  l a c t a t e  dehydrogenase  
on th e  nymph and a d u l t  s ta g e s  d is p la y  r e c ta n g u la r  h y p e rb o lic  k i n e t i c s ,  
w h ile  th e  egg s ta g e  d is p la y s  s ig m o id a l k i n e t i c s .  The l a t t e r  i s  
c h a r a c t e r i s t i c  o f  i n t e r a c t i n g  b in d in g  s i t e s  (G raph 3 ) . The M ic h a e lis -  
M enten c o n s ta n t s ,  (K ^ 's )  w ere c a lc u la te d  f o r  th e  egg , nymph, and 
a d u l t  s ta g e s  and found to  b e  6 .9  x  10 M, 4 .1  x  10 M, and 4 .4  x 
10 ^ M, r e s p e c t iv e ly  (T ab le  I ) .
A H i l l  p lo t  o f  th e  d a ta  from  Graph 3 r e v e a le d  th a t  th e  egg 
p o sse sse d  a  minimum o f  two in t e r a c t in g  b in d in g  s i t e s ,  and th e  nymph 
and a d u l t  one n o n - in te r a c t in g  b in d in g  s i t e  (G raph 4 ) .




E f f e c t  o f  s u b s t r a t e  c o n c e n tra t io n  on LDH a c t i v i t y  o f  w hole 
t i s s u e  hom ogenates o f  c r o t a l i  nymphs w ith  and w ith o u t g u t c o n te n t s , 
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E f fe c t  o f  s u b s t r a t e  c o n c e n tra t io n  on LDH a c t i v i t y  on whole 
t i s s u e  hom ogenates o f  c r o t a l i  a d u l ts  w ith  and w ith o u t g u t c o n te n ts . 
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E f fe c t  o f  s u b s t r a te  c o n c e n tr a t io n  on LDH a c t i v i t y  o f  c r o t a l i  
eg g , nymph, and a d u l t  whole t i s s u e  hom ogenates. Each p o in t  r e p r e s e n t s  
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GRAPH 4
E m p irica l H i l l  p lo t  f o r  LDH assay ed  a t  v a r io u s  s u b s t r a t e  con­
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w h ile  k eep in g  th e  s u b s t r a t e  a t  s a tu r a t i o n  ( 1 .3  z  10 ^ M), showed 
t h a t  th e  nynq>h and a d u l t  d lsp lfg r a p p a re n t r e c ta n g u la r  h y p e rb o lic  
k i n e t i c s ,  w h ile  th e  egg  d l s p l^ r s  s ig m o id a l k in e t i c s  (Graph 5 ) .
A H i l l  p l o t  o f  th e s e  d a ta  re v e a le d  t h a t  th e re  was an  I n te r a c t io n  
a t  more th a n  one s i t e  I n  a l l  th r e e  hom ogenates a ssa y e d  (Graph 6 ) .
The pH p r o f i l e  f o r  th e  enzyme i n  a l l  th r e e  deve lo p m en ta l s ta g e s  
was o b ta in e d  by p l o t t i n g  th e  maximum enzyme a c t i v i t i e s  a s  a  fu n c tio n  
o f  b u f f e r  pH. The egg  hom ogenate showed o p tim a l a c t i v i t y  a t  pH 7 .9  
I n  a l l  th r e e  b u f f e r  sy s te m s , and a c t i v i t y  f e l l  s h a rp ly  on b o th  
s id e s  o f  pH 7 .9 .  H ig h e s t amount o f  a c t i v i t y  was o b ta in e d  in  a  phos­
p h a te  b u f f e r  (G raph 7 ) .  The nynq)hal s ta g e  showed h ig h e s t  a c t i v i t y  
when b u f f e r e d  w ith  T r i s - g ly c ln e  b u f f e r  a t  pH 7 .8  (Graph 8 ) .  A c tiv i ty  
a g a in  dropped  s h a rp ly  on b o th  s id e s  o f  pH 7 .8 . R e s u lts  o f  th e  pH 
p r o f i l e  o f  th e  a d u l t  s ta g e s  a r e  shewn i n  Graph 9 . H ig h e s t a c t i v i t y  
was d e te c te d  when u s in g  a  p h o sp h a te  b u f f e r  a t  a  pH o f  8 .1 .
T herm al s t a b i l i t y  o f  th e  enzyme was d e te rm in ed  In  a  te m p era tu re  
ran g e  o f  10 to  60 C. A ll  th r e e  d evelopm en ta l s ta g e s  e id ilb l te d  
o p tim a l s t a b i l i t y  a t  41 C (Graph 10 , T ab le  I ) .
The o f  th e  t o t a l  LDH a c t i v i t y  from  e g g , nymph and a d u l t
s ta g e s  v a r ie d  w ith  te m p e rtu re  In  a  c h a r a c t e r i s t i c  way (Graph 1 1 ).
A t each  s ta g e  o f  th e  l i f e  c y c le  th e  K was m inim al (and by Im p lic a t io nn
th e  a f f i n i t y  o f  th e  enzyme f o r  I t s  s u b s t r a t e  was m axim al) a t  a  tem ­
p e r a tu r e  n e a r  37 C.
Graph 12 r e p r e s e n ts  th e  r e s u l t s  o f  s u b s t r a t e  s t e r e o s p e c i f l c i t y  
e x p e rim e n ts . A ssays w ere perfo rm ed  on nym^Ai whole t i s s u e  hom ogenates
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GRAPH 5
E f f e c t  o f  c o f a c to r  c o n c e n tr a t io n  on LDH a c t i v i t y  o f  c r o t a l i  
egg , nymph and a d u l t  w hole t i s s u e  hom ogenates. Each p o in t  r e p r e s e n ts  
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GRAPH 6
E m p ir ic a l H i l l  p lo t  fo r  LDH assay ed  a t  v a r io u s  c o f a c to r  con­


















E f f e c t  o f  pH on LDH a c t i v i t y  from  w hole t i s s u e  hom ogenates o f  
2" c r o t a l i  e g g s . A ssays w ere p e rfo rm ed  u s in g  th r e e  b u f f e r s  l i s t e d  
and s u b s t r a t e  a t  s a tu r a t in g  c o n c e n t r a t io n s .  A ll  p o in ts  r e p re s e n t  a 
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E f fe c t  o f  pH on LDH a c t i v i t y  from  w hole t i s s u e  hom ogenates o f 
P̂ . c r o t a l i  nymphs. A ssays w ere perfo rm ed  u s in g  th re e  b u f f e r s  l i s t e d  
and s u b s t r a te  a t  s a tu r a t in g  c o n c e n t r a t io n s .  Each p o in t  r e p r e s e n ts  
a mean o f fo u r  v a lu e s .
8 -
BUFFERS
A -0.1 M Phosphate 
















E f f e c t  o f  pH on LDH a c t i v i t y  from w hole t i s s u e  hom ogenates o f  
2" c r o t a l i  a d u l t s .  A ssays w ere perfo rm ed  u s in g  th e  th r e e  b u f f e r s  
l i s t e d  and s u b s t r a t e  a t  s a tu r a t in g  c o n c e n tr a t io n s .  Each p o in t  r e p r e ­





A-0.1 M Phosphate 





É  5 -
Q  
O













E f fe c t  o f  in c u b a t io n  a t  v a r io u s  te m p e ra tu re s  on LDH a c t i v i t y  
from whole t i s s u e  hom ogenates o f  IP. c r o t a l i  eg g s , nymphs, and a d u l ts .  
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TABLE I .  Com parisons o f  s p e c i f i c  a c t i v i t y ,  o p tim a l te m p era tu re  s t a b i l i t y ,  
o p tim a l pH, and Kg from w hole t i s s u e  hom ogenates o f  c r o t a l i  
eg g , n3nnph and a d u l t  s ta g e s .
ENZYME SOURCE *SP. ACT. OPTM. TEMP. STAB. OPT. pH
**
Km
EGG ( 3 .6 ± .l ) 41 7 .9 ± . l (6 .9  X 10"^) 
-3
NYMPH 13.5+ .09 41 7 .8 ± . l 4 .1  X  10
-3
ADULT 12 .8± .08 41 8 .1 1 .1 4 .4  X  10
S p e c if ic  a c t i v i t y  (SP. ACT.) = u n its /m g  p r o t e i n ,  where one u n i t  = 
10"3 O.D. u n i t s /m in u te  a t  o p tim a l pH and te m p e ra tu re .
V alues In  p a re n th e s e s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  from o th e r  v a lu e s  
In  same column (p< 0 .05) when compared by th e  S tu d e n t 's  _t t e s t .
* *
M lchae lls-M en ten  c o n s ta n t  (Kg) * m o lar s u b s t r a t e  c o n c e n tr a t io n  
w hich g iv e s  1 /2  m axim al v e l o c i ty  (V g).
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GRAPH 11
E f f e c t  o f  te m p e ra tu re  on th e  a p p a re n t o f  th e  t o t a l  LDH 
a c t i v i t y  from th e  th r e e  d ev e lo p m en ta l s ta g e s  o f  c r o t a l i . Each 











R e a c tio n  r a t e  o f LDH from w hole t i s s u e  homogenates o f  2- c r o t a l i  
nymphs. Each p o in t  r e p r e s e n ts  a mean o f  th r e e  v a lu e s .
















u s in g  D -, D ,L -, and L - l a c t a t e ,  a t  37 C, pH 8 .0 ,  w h ile  th e  s u b s t r a t e  
(1 .2  X 10 ^ M and 1 .3  x 10 ^ M, r e s p e c t i v e l y ) .  A s im i l a r  a ssay  was 
perfo rm ed  on a  r e a c t io n  m ix tu re  w hich  c o n ta in e d  D -L ith ium  l a c t a t e  
and t h a t  was p re - in c u b a te d  f o r  10 m in u te s . L - l a c t a t e  gave th e  h ig h e s t  
v e l o c i ty  a f t e r  f iv e  m in u tes  in c u b a t io n .  Low a c t i v i t y  was o b ta in e d  
when u s in g  D - la c ta te .  D ,L - la c ta te  (racem lc  m ix tu re )  gave an  i n t e r ­
m e d ia te  v e lo c i ty  a f t e r  f iv e  m in u tes  in c u b a t io n .  P re - ln c u b a tlo n  
o f  th e  p r o te in  s u p e rn a ta n t  p lu s  D - la c t a te  f o r  10 m in u tes  gave r e s u l t s  
w h ich  c lo s e ly  r e s e s h le  th e  cu rv e  f o r  th e  D ,L - la c ta te  a ssay s . P o l a r i -  
m e tr lc  a s sa y s  w ere o f  l im i te d  s u c c e s s .  R e s u lts  o f  p o ly a c ry lam ld e- 
g e l  e l e c t r o p h o r e s is  o f  n yn^hal p r o t e i n  u s in g  D- and  L - la c ta te  
s e p a r a te ly  as a  s u b s t r a t e  gave th e  same p a t t e r n  ( P la t e  1 , F ig u re  1 ) .
The o n to g e n e tic  p a t te r n s  o f  p r o t e i n ,  l i p o p r o t e i n ,  and LDH w ere  
exam ined i n  th e  e g g s , nysqphs, and a d u l t s  ( P la t e  1 ,  F ig u res  2 ,  3 ,  
and 4 ) .  A com parison o f  th e  e l e c t r o p h o r e t i c  flow  r a t e  (E^) and 
r e l a t i v e  o p t i c a l  d e n s i t i e s  i s  r e p re s e n te d  in  F ig u re  15. Only one 
band each  o f  p r o t e i n ,  l i p o p r o te i n ,  and LPH was found  to  e x i s t  i n  
th e  f r e e  egg s t a g e .  The r e l a t i v e  o p t i c a l  d e n s i ty  I n  a l l  th re e  case s  
ra n g e d  from  21% t o  26%, w here 100% e q u a le d  1 .5  o p t i c a l  d e n s ity .
The p a r a s i t i c  s i x t h  nyng)hal and a d u l t  s ta g e s  showed f iv e  LIH i s o ­
enzyme b a n d s . The m ost prom inen t ban d  was LIH^ w ith  a  r e l a t i v e  
o p t i c a l  d e n s ity  o f  57% and 62% f o r  nymph and a d u l t  r e s p e c t iv e ly .
The l e a s t  p rom inen t band  was L l£ ^ ; and h ad  r e l a t i v e  o p t ic a l  d e n s i t i e s  
o f  21% and 19% r e s p e c t iv e l y ,  w here 100% e q u a ls  1 .5  o p t i c a l  d e n s i ty .  
A n a ly s is  o f  th e  p r o t e i n  and l i p o p r o te in  o f  th e  p a r a s i t i c  nyn^h and
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PLATE 1
F ig u re  1. LDH isoenzym e p a t te r n  o f  P . c r o t a l i  nymph w hole t i s s u e
hom ogenates u s in g  D - la c ta te  ( l e f t )  and L - l a c t a t e  ( r i g h t ) .
F ig u re  2 . O n to g en e tic  p r o te in  p a t t e r n  o f  c r o t a l i  eg g , nymph, and 
a d u l t  w hole t i s s u e  hom ogenates ( l e f t  to  r i g h t ) .
F ig u re  3 . O n to g en e tic  l ip o p r o te in  p a t t e r n  o f  2» c r o t a l i  a d u l t  nymph 
and egg w hole t i s s u e  hom ogenates ( l e f t  t o  r i g h t ) .
F ig u re  4 . O n to g e n e tic  LDH p a t t e r n  o f  2 - c r o t a l i  a d u l t ,  nymph, and 
egg w hole t i s s u e  hom ogenates ( l e f t  to  r i g h t ) .
F ig u re  5 . Com parison o f  mouse serum p r o te in  p a t t e r n  w ith  2« c r o t a l i  
nymph p r o te i n  and l ip o p r o te in  p a t t e r n s .
F ig u re  6 . C om parison o f  mouse serum LDH p a t t e r n  w ith  2« c r o t a l i  
nymph LDH p a t te r n .
F ig u re  7. Com parison o f  in f e c te d  r a t t l e s n a k e  serum  LDH p a t t e r n  w ith  
2» c r o t a l i  a d u l t  p r o te in  p a t t e r n .
F ig u re  8 . Com parison o f  in f e c te d  r a t t l e s n a k e  serum  p r o te in  p a t t e r n  
and 2» c r o t a l i  a d u l t  p r o te in  p a t t e r n .
F ig u re  9 . E le c t r o p h o r e t ic  com parison o f  LDH f r a c t io n s  from 2« c r o t a l i  
nymph w hole t i s s u e  hom ogenates i s o l a t e d  by i s o e l e c t r i c  
fo c u s in g .
1









F ig u re  10. H y b r id iz a t io n  o f  LDH  ̂ from 2» c r o t a l i  eggs and nymphs.
F ig u re  11. H y b r id iz a t io n  o f  LDH  ̂ from 2* c r o t a l i  nymphs and a d u l t s .
F ig u re  12. D is s o c ia t io n  and reco m b in a tio n  o f  LDH. and LDH_ from
2* c r o t a l i  nymphs.
F ig u re  13. E le c t r o p h o r e t ic  com parison o f LDH f r a c t io n s  i s o la te d  
by s im u lta n e o u s  i s o e l e c t r i c  fo c u s ia g  o f  2* c r o t a l i  
egg , nymph, and a d u l t  w hole t i s s u e  hom ogenates.






Zymogram show ing com parisons o f l a c t a t e  dehydrogenase  (LDH), 
l i p o p r o te in ,  and p r o te in  p a t te r n s  from  c r o t a l l  e g g s , nymphs, and 
a d u l t s .  Each band I s  an av e ra g e  o f  th e  e l e c t r o p h o r e t i c  flow  r a t e  
(E^) and r e l a t i v e  o p t i c a l  d e n s i ty  (O .D .) , w hich w ere d e te rm in ed  by 



















a d u l t  s ta g e s  showed a s ig n i f i c a n t  In c re a se  In  bands w hich w ere n o t  
p r e s e n t  In  th e  f r e e - l i v i n g  egg.
The nymphal s ta g e  o f  2» c r o t a l l  I s  a mammalian t i s s u e  d w e lle r  and 
b lood  consum er, and th e  a d u l t  s ta g e  feed s on b lo o d  In  th e  r a t t l e s n a k e  
lu n g . T h e re fo re , com parisons o f  p r o te in  and LDH f r a c t io n s  w ere p e r ­
formed betw een th e  r e s p e c t iv e  h o s ts  and p a r a s i t e s  ( P la te  1, F ig u re s  
5 , 6 , 7, and 8 ) .
No d i f f e r e n c e s  In  th e  Isoenzyme p a t te rn s  w ere d e te c te d  w ith  
r e l a t i o n  to  sex  and t i s s u e  o f  a d u l t  s ta g e s .
C o n tro l ex p erim en ts  w ere perform ed In o r d e r  to  dem o n stra te  th e  
amount o f s u b s t r a t e ,  c o f a c to r ,  and s ta in in g  dye s p e c i f i c i t y .  R e s u lts  
o f  th e  o m ission  o f  one f a c t o r  from th e  LDH s t a i n in g  m ed ia . In  an  
a t te m p t to  d e t e c t  th e  s o - c a l le d  "n o th in g  dehydrogenase" (Shaw and 
Koen, 1965) w ere a l l  n e g a t iv e .  A lte rn a te  s u b s t r a t e s  (g ly o x y la te ,  
a lp h a - k e to - b u ty ra te ,  a lp h a - k e to - I s o v a le r a te ,  o x a lo a c e ta te ,  and 
a lp h a - k e to - g lu ta r a t e )  w ere s u b s t i tu te d  fo r  l a c t a t e  I n  th e  in c u b a tio n  
m edia In  an a t te m p t to  d e te rm in e  s u b s t r a te  s p e c i f i c i t y .  A ll r e s u l t s  
w ere n e g a t iv e .
The te c h n iq u e  o f  I s o e l e c t r i c  fo cu sin g  d em o n stra ted  on ly  one 
m o lecu la r  form o f  LDH In  egg homogenates w ith  an  I s o e l e c t r i c  p o in t  
(p i)  o f  4 .2  (G raph 13, T ab le  I I ) .  F iv e  m o le c u la r  forms o f  LDH w ere 
d e te c te d  In  th e  nymph and a d u l t  hom ogenates. The p i ' s  o f  th e  f i v e  
f r a c t io n s  In  b o th  s ta g e s  w ere determ ined  and found  to  e x i s t  betw een 
4 .0  and 8 .6  (G raph 13 , T ab le  I I ) .  These r e s u l t s  f u r th e r  s u b s ta n t ia te d  
th a t  th e  egg p o s se s s e s  o n ly  one LDH form , w h ile  th e  nymph and a d u l t
45
GRAPH 13
F r a c t io n a t io n  o f w hole t i s s u e  hom ogenate o f  2» c r o t a l i  egg, 
nymph and a d u l t  s ta g e s  by i s o e l e c t r i c  fo c u s in g . Each p o in t  r e p re ­
s e n ts  a  mean o f  f i v e  v a lu e s .  A pH g .rad ien t o f  3 to  10 was e s ta b l i s h e d  
in  a l l  e x p e r im e n ts , as  in d ic a te d  by th e  s t r a i g h t  l i n e  and o rd in a te  
on th e  r i g h t .
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TABLE I I .  Com parisons o f  s p e c i f i c  a c t i v i t y ,  i s o e l e c t r i c  p o in ts  ( p i ) ,  
and Kg from  c r o t a l i  eg g , nymph and a d u l t  s ta g e s  a f t e r  
i s o e l e c t r i c  fo c u s in g .
ENZYME SOURCE FRACTION SP. ACT. pi
EGG LDH^ 3.6 4.2 5.01 X 10-3
NYMPH LDH^ 2.1 4.0 5.53 X 10-3
LDH^ 2.5 4.9 4.02 X IQ-3
LDH3 2.9 6.0 4.61
-3
X 10
LDH^ 4.2 7.0 4.70 X 10-3
LDH3 1.8 8.5 4.93 X IQ-3
ADULT LDH^ 2.3 4.3 4.21 X 10-3
LDHg 2.4 5.0 4.25 X IQ-3
LDH3 2.1 6.1 4.12
-3
X 10 ^
LDH^ 4.1 7.2 4.01
-3X 10 ^
LDH3 1.9 8.6 3.51
-3X 10 ^
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p o s se s s  f i v e  d i f f e r e n t  LDH form s.
In  o rd e r  to  d e te rm in e  w hether each m o le c u la r  form  was indeed  
i s o l a t e d  by t h i s  te c h n iq u e , e le c t r o p h o r e t ic  s e p a r a t io n s  w ere p e r ­
formed on f r a c t i o n s  showing maximal a c t i v i t y .  R e s u l ts  o f  th e s e  ex­
p e r im e n ts  showed o n ly  one m o le c u la r  form  o f  LDH was p r e s e n t  ( P la te  
1 , F ig u re  9 ) .  R e s u l t s  o f  a s sa y s  on th e  LDH f r a c t io n s  i s o l a t e d  by 
i s o e l e c t r i c  fo c u s in g  frcm  th e  th r e e  deve lo p m en ta l s ta g e s  ex ecu ted  a t  
v a r io u s  s u b s t r a t e  c o n c e n tra t io n s  a re  shown in  G raphs 14 and 15. A ll  
LDH f r a c t io n s  from  nymphal and a d u l t  s ta g e s  d is p la y e d  a p p a re n t r e c ­
ta n g u la r  h y p e rb o lic  k i n e t i c s .
Graph 16 shows i s o e l e c t r i c  fo c u s in g  o f  th e  combined egg , nymph, 
and a d u l t  p r o te in  s u p e rn a ta n ts .  F iv e  f r a c t i o n s  w ere i s o la t e d  in  
t h i s  ex p erim en t and  e le c tro p h o re s e d  in  o rd e r  to  d e te rm in e  w hether 
one o r  more d i f f e r e n t  m o lecu la r  form s w ere p r e s e n t  i n  th e  v a r io u s  
f r a c t i o n s .  In  no in s ta n c e  d id  e le c t r o p h o r e s is  o f  th e s e  v a r io u s  
f r a c t i o n s  r e v e a l  m ore th an  one band ( P la te  2 , F ig u re  1 3 ), su g g e s tin g  
t h a t  th e  LDH's p roduced  by each deve lo p m en ta l s ta g e  a r e  th e  same.
R e s u lts  o f  h y b r id iz a t io n  ex p erim en ts  perfo rm ed  on LDH^ f r a c t io n s  
o f  e g g s , nymphs, and a d u l t s ,  and LDH  ̂ on nymphs and a d u l t s  a re  shown 
in  P l a t e  2 , F ig u re s  11 , 12 and 14. They r e v e a le d  o n ly  one band w ith  
a lm ost i d e n t i c a l  e l e c t r o p h o r e t ic  flow  r a t e  (E^) a f t e r  e le c t r o p h o r e s is  
in d i c a t in g  t h a t  th e  LDH forms a r e  th e  same in  each  d ev e lo p m en ta l s ta g e .
E f f o r t s  to  e lu c id a t e  in fo rm a tio n  on th e  p r o te in  s t r u c t u r e  in ­
v o lv e d  th e  re a s se m b lin g  o f  fu n c t io n a l  LDH m o lecu le s  a f t e r  d i s s o c ia t io n  
in  u r e a ,  a c e to n e , ch lo ro fo rm , g u a n id in e  o r  a t  a c id  pH ( 2 .1 ) .  These
49
GRAPH 14
E f f e c t  o f  s u b s t r a t e  c o n c e n tra t io n  o f  P̂ . c r o t a l l  egg and nymph 
l a c t a t e  dehyd rogenase  f r a c t io n s  a f t e r  s e p a r a t io n  by  i s o e l e c t r i c  
fo c u s in g . Each p o in t  i s  a  mean o f  fo u r  v a lu e s .
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GRAPH 15
E f fe c t  o f  s u b s t r a t e  c o n c e n tra tio n  on P̂ . c r o t a l i  a d u l t  l a c t a t e  
d ehydrogenase  f r a c t io n s  a f t e r  s e p a ra t io n  by  i s o e l e c t r i c  fo c u s in g . 























Sim ultaneous i s o e l e c t r i c  fo c u s in g  o f  P . c r o t a l i  egg , nymph and 
a d u l t  w hole t i s s u e  hom ogenates. A pH g ra d ie n t  o f  3 to  10 was e s ­
ta b l i s h e d  in  a l l  e x p e rim e n ts , a s  in d ic a te d  by th e  s t r a i g h t  l i n e  and 
o r d in a te  on th e  r i g h t .
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ex p erim en ts  w ere o f  l im ite d  s u c c e s s .  Enzyme a c t i v i t y  was n o t  g r e a t ly  
red u ced  by t r e a tm e n t w ith  IM NaCl. P la t e  2 , F ig u re  12 shows th e  
fo rm a tio n  o f e n z y m a tic a lly  a c t iv e  t e t r am ers by random a s s o c ia t io n  o f  




A lthough  LDR isoenzym es have  been  e x te n s iv e ly  s tu d ie d ,  and in  
some r e s p e c t s  a r e  w e l l  u n d e rs to o d , e x p la n a tio n s  o f  t h e i r  e p ig e n e tic  
a d a p t iv e  v a lu e s  w ith  re s p e c t  to  t h e i r  p h y s io lo g ic a l  fu n c tio n , a re  
s t i l l  in c o m p le te . The LDH isoenzym es o f  c r o t a l i  provided an op­
p o r tu n i ty  to  in v e s t ig a t e  th e  p r o p e r t i e s  o f  a  t o t a l  enzyme, as w e ll 
a s  th o s e  o f  in d iv id u a l  isoenzym es, th e  p ro d u c tio n  o f  which i s  e p i-  
g e n e t i c a l ly  c o n t r o l le d .
A n a ly s is  o f s u b s t r a t e  and c o f a c to r  s a t u r a t i o n  c u rv e s  fo r  LDH 
by u se  o f  a H i l l  p lo t  in d ic a te  th a t  a l l  th r e e  developm ental s ta g e s  
have a t  l e a s t  two in t e r a c t in g  b in d in g  s i t e s  f o r  NAD^. This ty p e  o f  
enzym atic  m echanism, in v o lv in g  a t  l e a s t  two b in d in g  s i t e s ,  may p la y  
some p h y s io lo g ic a l  r o l e  in  c o n t r o l l i n g  th e  NAD /̂NADH r a t i o  i n  th e  
p a r a s i t e .
R e s u l ts  o f LDH a ssa y s  from w hole t i s s u e  hom ogenates of nymphs 
u s in g  L - ,  D ,L -, and D - la c ta te  in d i c a t e  t h a t  a  racem ase  may b e  
p r e s e n t .  The a c tu a l  p h y s io lo g ic a l  s ig n i f i c a n c e  o f  a  racem ase i n  
t h i s  d evelopm en ta l s ta g e  i s  unknown. A p o s s ib le  e x p la n a tio n  i s  
th a t  th e  p re se n c e  o f  a  racem ase may lo v e r  th e  r e a c t io n  ra te  o f
56
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l a c t a t e  to  p y ru v a te  u nder c e r t a i n  p h y s io lo g ic a l  c o n d it io n s  and th e r e ­
fo re  i n  an  i n d i r e c t  way r e g u la te  th e  NAD^/NADH r a t i o .  The r a t e  i n ­
c re a s e  w hich  r e s u l t e d  when a te n  m in u te  p r e - in c u b a t io n  o f  D - la c ta te  + 
p r o te in  s u p e rn a ta n t  was employed b e f o r e  th e  LDH a ssay  was c a r r ie d  
o u t i s  c o n s i s te n t  w ith  t h i s  e x p la n a t io n .
S p e c i f ic  a c t i v i t y ,  o p tim a l pH, th e rm a l s t a b i l i t y ,  and M ic h a e lis -  
M enten c o n s ta n ts  w ere  th e  o n ly  p a ra m e te rs  s tu d ie d  in  th i s  in v e s t ig a t io n .  
T hus, no c o r r e l a t i o n  w ith  p h y s io lo g ic a l  p a ra m e te rs  i s  p ro v id e d . No 
m o d u la to rs  o f  LDH a c t i v i t y  in  c r o t a l i  a r e  known. T here i s ,  how­
e v e r ,  ev id en ce  th a t  c e r t a i n  m o d u la to rs  a f f e c t  th e  isoenzym es f r u c to s e  
d ip h o s p h a ta s e  (B e r is c h , 1969) and p y ru v a te  k in a s e  (Somero and Hochachka, 
1968) i n  c e r t a i n  f i s h .  Zee and Zinkham (1968) and B a r r e t t  and F a i r b a im
(1971) have shown t h a t  th e  K ' s  o f  th e  th r e e  m a la te  dehydrogenasesm
from A s c a r is  lu m b rico id es  a re  c lo s e ly  c o r r e l a t e d  w ith  te m p e ra tu re . 
T h e re fo re  m o d u la tio n  o f s im i la r  ty p e  i n  LDH from  th e  th r e e  d evelop ­
m e n ta l s ta g e s  o f  c r o t a l i  i s  p o s s i b le .  The maximum d i f f e r e n c e  
i n  betw een  th e  th r e e  developm en ta l s ta g e s  was l e s s  th a n  a  f a c to r  
o f  tw o. A lthough r e l a t i v e l y  s m a l l ,  su c h  d i f f e r e n c e s  may n e v e r th e le s s  
be  s i g n i f i c a n t  a t  th e  low s u b s t r a t e  c o n c e n tr a t io n s  o c c u rr in g  in  m ost 
c e l l s  (A tk in so n , 1966). The changes i n  f o r  th e  th r e e  d ev e lo p ­
m e n ta l s ta g e s  a re  ap p ro x im ate ly  th e  same a s  th o s e  re p o r te d  fo r  LDH 
and a c e ty c h o l in e  e s t e r a s e  i n  t r o u t  (Hochachka and Somero, 1968;
Baldw in and Hochachka, 1970) and LDH and  p y ru v a te  k in a se  i n  P a ra -  
l i th o d e s  c a m to c h a tic a , th e  A laskan k in g  c r a b , d u rin g  a c c lim a tio n  to  
te m p e ra tu re  changes (Somero and H ochachka, 1969). These changes in
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a r e  a l s o  l a r g e r  th a n  th o s e  o f  LDH and p y ru v a te  k in a se  i n  th e  p e r i ­
p h e ra l  t i s s u e s  o f  Phoca v i t u l i n a , th e  h a rb o r  s e a l  (Somero and Joh an so n , 
1 9 7 0 ). A lthough none o f  th e  m entioned  in v e s t ig a to r s  in c lu d e d  th e  
ex am in a tio n  o f  in d iv id u a l  isoenzym es, e l e c t r o p h o r e t i c  changes in  
isoenzym e p a t t e r n s  o f  f i s h  d u rin g  te m p e ra tu re  a c c lim a tio n  have  been 
d e s c r ib e d  (H ochachka, 1967; Baldwin and H ochachka, 1970). Thus th e  
p o s s i b i l i t y  o f  changes in  isoenzym e p a t t e r n  co u ld  b e  a p o s s ib le  mode 
o f  enzyme m o d u la tio n .
O ptim al pH and te m p e ra tu re  s t a b i l i t y  f o r  LDH in  th e  th r e e  
d ev e lo p m en ta l s ta g e s  w ere found to  e x i s t  betw een pH 7 .8  and  8 .1  and 
41 C r e s p e c t iv e ly .  I t  shou ld  b e  p o in te d  o u t t h a t  th e  r e s u l t s  o f pH 
and th e r m o s ta b i l i ty  s tu d ie s  on w hole t i s s u e  hom ogenates o f  P̂ . c r o t a l i  
m u s t, how ever, b e  i n t e r p r e t e d  c a u t io u s ly  s in c e  th e  r a t e  o f  th e rm al 
and pH d é n a tu ra t io n  i s  g r e a t ly  a f f e c te d  by i n t e r a c t i o n  w ith  o th e r  
p r o t e i n s .  In  any c a s e ,  i t  ap p ea rs  t h a t  th e  c o r r e l a t i o n s  betw een 
th e r m o s ta b i l i ty  and pH and th e  en v iro n m en ta l te m p e ra tu re  and pH have 
b een  found in  s e v e r a l  s t r u c t u r a l  p r o te in s  (A lexand rov , 1969) and 
in  a ld o la s e  o f  a n t a r c t i c  f i s h e s  (Komatsu and F een ey , 1970) and cou ld  
p o s s ib ly  e x i s t  i n  2 -  c r o t a l i .
O n to g en e tic  a n a ly s is  o f  p r o te in ,  l i p o p r o te in  and LDH p a t te r n s  
in  2* c r o t a l i  by p o ly a c ry la m id e -g e l e l e c t r o p h o r e s is  d em o n stra ted  a  
change i n  th e  s y n th e s is  o f p r o te in  and l i p o p r o te in  d u rin g  th e  l i f e  
c y c le  o f  th e  p a r a s i t e .  A d ra m a tic  change in  th e  LDH isoenzym e 
p a t t e r n  o f t h i s  p a r a s i t e  i s  shown, go ing  from one to  f iv e  d i f f e r e n t  
m o le c u la r  form s. I s o e l e c t r i c  fo c u s in g  o f  th e  th r e e  p r o te in  su p e r -
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n a ta n ts  from  th e  th r e e  d ev e lo p m en ta l s ta g e s  f u r t h e r  s u b s t a n t i a t e s  
th a t  th e  egg c o n ta in s  on ly  one LKi fo rm , w h i le  th e  nymph and a d u l t  
p o sse ss  f i v e  d i f f e r e n t  form s. A lthough th e  a c t u a l  p h y s io lo g ic a l  
fu n c tio n  o f  LDH in  c r o t a l l  I s  u n c e r t a in ,  th e  s h i f t  from one to  f iv e  
Isoenzym es may b e  an  e p ig e n e t ic  a d a p ta t io n  In  t h i s  p a r a s i t e .  The 
changes I n  p r o te in  and l ip o p r o te in  may be I n d i c a t iv e  o f  r e g u la to ry  
p ro c e s s e s  o f  on to g en y , c e l l u l a r  d i f f e r e n t i a t i o n  and m orphogenesis 
w hich a r e  m a n ife s te d  d u rin g  th e  grow th and developm ent o f  th e  p a r a s i t e .  
M oreover, t h i s  ty p e  o f  r e g u la t io n  would in v o lv e  th e  s y n th e s is  o f 
p r o t e i n s ,  l i p o p r o te in s ,  and enzymes.
The p redom inan t LDH band found In  th e  nym phal and a d u l t  s ta g e s  
was LDH^. P f l e l d e r  and Wachsmuth (1961) d e m o n stra te d  t h a t  LDH  ̂ and 
LDH  ̂ a r e  p redom inan t In  a n a e ro b ic a l ly  m e ta b o l iz in g  t i s s u e s  such  as 
human l i v e r  and s k e l e t a l  m uscle . W ilson  e t  , (1963) , have shown 
a c o r r e l a t i o n  betw een  th e  f ly in g  h a b i t s  o f v a r io u s  b i r d s  and th e  
b r e a s t  m uscle  LDH co m p o sitio n . T h e re fo re ,  I t  may b e  t h a t  c r o t a l l  
nymph and a d u l t  s ta g e s  a re  a n a e ro b ic  b u t  can  f u n c t io n  s a t i s f a c t o r i l y  
In  an a e ro b ic  env ironm ent such as  th e  lu n g  o f  a  sn a k e .
E v idence th a t  th e  Isoenzym es a r e  f iv e  d i f f e r e n t  p r o t e i n s ,  and 
n o t  f iv e  d i f f e r e n t  co n fo rm atio n s o f  th e  same p r o te i n  caused by  I n t r a ­
c e l l u l a r  chem ical r e a c t io n s  (su ch  a s  d ea m in a tio n  o r  d e c a rb o x y la tio n )  
was d e r iv e d  by d i s s o c ia t io n  and re c o m b in a tio n  e x p e rim e n ts . When 
LDHĵ  and LDH  ̂ o f  th e  nymph w ere d i s s o c ia te d  and  recom bined , f iv e  
bands w ere d e te c te d ,  b u t  th e  c l a s s i c a l  1 :4 :6 :4 :1  r a t i o  (a cc o rd in g  
to  M arkert and M assa ro , 1968 ), was n o t  o b ta in e d .  T h is  was p ro b ab ly
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due to  in co m p le te  d i s s o c ia t io n .  These r e s u l t s  can  b e  m ost e a s i ly  
i n t e r p r e t e d  by assum ing t h a t  th e  s y n th e s is  o f  th e  c y to p la sm ic  LDH 
isoenzym es i s  c o n tro l le d  by two g e n e t ic  l o c i ,  A and B. A ccording 
to  t h i s  h y p o th e s is  th e  f iv e  isoenzym es a r e  te t r a m e rs  a r i s i n g  from 
a g g re g a tio n  o f  th e  two d i f f e r e n t  s u b u n its  i n t o  f iv e  p o s s ib le  com­
b in a t io n s ,  LDHĵ  = AAAA; LDH  ̂ = AAAB; LDH  ̂ = AABB; LDH  ̂ = ABB6; and 
LDH  ̂ = BBBB (M arkert and M assaro , 1968). R e s u l ts  from  d is s o c ia t io n  
and r e a s s o c ia t io n  o f  LDH  ̂ and LDH  ̂ r e s p e c t iv e l y ,  in d i c a t e  th a t  th ey  
a r e  each composed o f  fo u r  i d e n t i c a l  s u b u n i ts .
The p re se n c e  o f  f iv e  isoenzym es in  P̂ . c r o t a l i  a r e  in d ic a t iv e
o f o n ly  two p o s s ib le  con fo rm ations f o r  th e  te t r a m e r ic  p r o te in .  K lo tz  
e t  a l . , (1970) d is c u s s  th e  p o s s i b i l i t y  o f  o n ly  two d i f f e r e n t  ty p es  
o f  q u a te rn a ry  s t r u c t u r e  f o r  a te tr a m e r  such  a s  LDH. C y c lic  symmetry 
i s  th e  s im p le s t  and resem b les  a  sq u a re  w ith  no f r e e  e n d s , such as 
in  a  l i n e a r  bead a rran g em en t. The second ty p e  o f  arrangem en t would 
be  d ih e d ra l  symmetry. D ih ed ra l symmetry w ould b e  p r e s e n t  only  i f  
th e  two f o ld  axes e x i s t  a t  r i g h t  an g le s  t o  any  s in g le  f o ld  a x is .
The s im p le s t  arrangem ent o f  d ih e d ra l  symmetry would In v o lv e  a te tra m e r  
and would resem ble  a t r i a n g u la r  a rran g em en t o f  th r e e  s u b u n its  w ith  
th e  fo u r th  s u b u n it  lo c a te d  on th e  to p  o r  b o tto m  o f  th e  t r i a n g le .
I f  n e i th e r  o f  th e s e  two co n fo rm a tio n s  o f  th e  te t r a m e r ic  LDH p ro te in  
e x i s t e d ,  th e n  th e re  would b e  a  p o s s i b i l i t y  o f  more th a n  f iv e  m o lecu la r
form s p r e s e n t  in  th e  cy top lasm  o f  c r o t a l l .
H y b r id iz a tio n  r e s u l t s  on LDH  ̂ f r a c t io n s  from th e  d i f f e r e n t  
d ev e lo p m en ta l s ta g e s  In d ic a te  t h a t  t h i s  enzyme i s  a  homologous te tra m e r
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and th e  same s p e c i f i c  gene p ro d u c t. The same i s  t r u e  f o r  LDH^. T hese 
c o n c lu s io n s  a re  f u r th e r  s u b s ta n t ia te d  by th e  s i m i l a r i t i e s  in  e l e c t r o ­
p h o r e t ic  flo w  r a t e s  and i s o e l e c t r i c  p o in ts  o f th e  th r e e  p r o te in  s u p e r­
n a ta n ts  from  th e  th r e e  developm en ta l s ta g e s .
F a i lu r e  to  rea ssem b le  fu n c t io n a l  LDH m o lecu le s  a f t e r  d i s s o c ia t io n  
in  u r e a ,  g u a n id in e , o r  a t  a c id  pH (2 .1 )  can  b e  e x p la in e d  by assum ing 
t h a t  d i s s o c ia t io n  p ro ced u res  r u p tu r e  hydrogen bonds and d e s tro y  th e  
t e r t i a r y  and seco n d ary  s t r u c t u r e  o f  th e  monomers. Such d en a tu red  
monomers a p p a re n t ly  do n o t recom bine in t o  te tra m e rs  no r do th e y  ex­
h i b i t  enzym atic  a c t i v i t y .  S in ce  th e  monomers t h a t  w ere d is s o c ia te d  
in  NaCl behave d i f f e r e n t l y ,  th e y  m ust h av e  r e ta in e d  much o f  t h e i r  
o r i g i n a l  s t r u c t u r e .
Enzyme a c t i v i t y  was no t g r e a t ly  reduced  by tre a tm e n t w ith  IM 
N aCl, and t h i s  s u g g e s ts  th a t  th e  monomers r e t a i n  enzyme a c t i v i t y .
T hus, th e  o v e r a l l  s t r u c t u r e  o f  th e  monomers rem ained  e s s e n t i a l l y  
i n t a c t .  LDH w ith  a  m o lecu la r w e ig h t o f  72 ,000  h as  been  re p o r te d  as 
e n z y m a tic a lly  a c t i v e ,  w hich in d i c a te s  t h a t  th e  d im er i s  f u n c t io n a l  
(M arkert and M assaro , 1968).
The fo rm a tio n  o f e n z y m a tic a lly  a c t iv e  te tr a m e rs  by random ag­
g re g a t io n  o f  monomers d em o n stra te s  th a t  th e  f u n c t io n a l  re q u ire m e n ts  
f o r  th e  q u a te rn a ry  s t r u c tu r e  o f  LDH a re  r e a d i ly  a v a i la b le  in  th e  
s t r u c t u r e  o f  th e  monomers. However, a f t e r  th e  d i s r u p t io n  o f  th e  
secondary  and  t e r t i a r y  s t r u c t u r e  o f  th e  monomers (a s  w ith  u r e a ,  a c e to n e  
and ch lo ro fo rm ) th e y  a p p a re n tly  lo s e  t h e i r  a b i l i t y  to  become fu n c t io n a l  
LDH m o lecu le s  a g a in  even though th e  p rim ary  s t r u c t u r e  p ro b ab ly  rem ain s
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i n t a c t .  T h e re fo re  th e  p h y s ic o -c h e m ic a l env ironm ent in  th e  c e l l  a t  
th e  s i t e  o f  p r o te in  s y n th e s i s ,  a t  l e a s t  i n  th e  ca se  o f  LDH^ can  be 
o f  d e c i s iv e  im p o rtan ce  in  d e te rm in in g  th e  h ig h e r  s t a t e s  o f  m o lecu la r  
con f ig u r a t  io n .
I t  i s  e v id e n t t h a t  s tu d ie s  o f  LDH o f f e r  b i o l o g i s t s  from d i f f e r e n t  
a re a s  g r e a t  o p p o r tu n i t ie s  fo r  f u r t h e r  r e s e a r c h .  The e x is te n c e  o f 
th e  m u l t ip le  form s o f  LDH fu rn is h e s  f o r  g e n e t i c i s t s  a  s im p le  system  
to  fo llo w  in  h ig h e r  a n im a ls , and f o r  th o s e  i n t e r e s t e d  i n  deve lo p m en ta l 
b io lo g y ,  a  s im p le  t o o l  f o r  fo llo w in g  s p e c i f i c  b io lo g ic a l  changes in  
on to g en y . The p h y s io lo g ic a l  im p lic a t io n s  o f  th e  m u l t ip le  form s o f  
LDH s tu d ie d  in  t h i s  r e s e a rc h  h o p e fu lly  p ro v id e  a  new approach  to  
problem s i n  m u l t i c e l l u l a r  o rg an ism s , and in t e r e s t i n g  s t r u c t u r a l  
c h a r a c t e r i s t i c s  o f  LDH a r e  a c h a l le n g e  to  th e  enzym olog ist and p r o te in  
c h e m is t.
CHAPTER V 
SUMMARY
The o n to g e n e tic  s tu d y  o f  c r o t a l i  was u n d e rta k en  u s in g  enzyme 
a s s a y s ,  i s o e l e c t r i c  fo c u s in g  and p o ly a c ry la m id e -g e l e l e c t r o p h o r e s i s .  
The p u rp o ses  o f  t h i s  re s e a rc h  w ere to i n v e s t i g a t e  and d em o n stra te  
in  th e  egg , s i x t h  nymphal s ta g e ,  and a d u l t s  o f P . c r o t a l i  th e  
fo llo w in g : (1) LDH a c t i v i t y ;  (2) m u l t ip le  m o le c u la r  form s o f LDH;
(3) k in e t i c  d i f f e r e n c e s  a f t e r  s e p a ra t io n  by i s o e l e c t r i c  fo c u s in g ;
(4 ) changes in  th e  p r o te in ,  l i p o p r o te in ,  and LDH p a t t e r n s ,  and
(5) s u b u n it  s t r u c t u r e  o f  LDH.
LDH a ssa y s  on nymph and a d u l t  whole t i s s u e  hom ogenates d i s ­
p la y ed  r e c ta n g u la r  h y p e rb o lic  k in e t i c s ,  w h ile  th e  egg hom ogenate 
d is p la y e d  S -shaped  k i n e t i c s ,  th e  l a t t e r  i s  c h a r a c t e r i s t i c  o f i n t e r ­
a c t in g  b in d in g  s i t e s .
H i l l  p lo t  re v e a le d  t h a t  th e  egg enzyme p o sse sse d  a  minimum o f 
two i n t e r a c t in g  s u b s t r a t e  b in d in g  s i t e s ,  and th e  nymph and a d u l t  
a maximum o f  one n o n - in te r a c t in g  b in d in g  s i t e .
LDH a c t i v i t y  a ssay ed  a t  v a r io u s  NAD"*" c o n c e n tra t io n s  re v e a le d  
by u se  o f  a H i l l  p lo t  t h a t  a l l  th re e  d ev e lo p m en ta l s ta g e s  p o sse sse d  
a minimum o f  two in t e r a c t in g  c o fa c to r  b in d in g  s i t e s .
O ptim al pH f o r  th e  eg g , nymph and a d u l t  was found to  b e  7 .9 ,
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7 .8 ,  and 8 .1  r e s p e c t iv e ly .  A l l  th r e e  s ta g e s  e x h ib i te d  o p tim a l therm al 
s t a b i l i t y  a t  41 C.
Nymphal hom ogenates w ere found  to  p o sse ss  a  ra c e m a s e - lik e  enzyme 
t h a t  cou ld  c o n v e r t D - la c ta te  to  L - l a c t a t e .  P o ly a c ry la m id e -g e l e l e c t r o ­
p h o re s is  dem o n stra ted  a trem endous in c re a s e  in  th e  s y n th e s is  o f  p ro te in  
and l ip o p r o te in  d u rin g  developm ent o f  th e  egg t o  th e  a d u l t  s ta g e .
LDH was found to  s h i f t  from  one m o le c u la r  form in  th e  egg to  f iv e  
d i f f e r e n t  m o le c u la r  forms i n  th e  nymph and a d u l t  s ta g e s .  F ra c tio n a ­
t i o n  by i s o e l e c t r i c  fo c u s in g  s u b s ta n t i a te d  t h a t  o n ly  one m o le c u la r  
form  was p r e s e n t  in  th e  egg , w h ile  th e  nymph and a d u l t  p o sse ss  f iv e  
d i f f e r e n t  fo rm s.
E vidence fo r  te t r a m e r ic  s t r u c t u r e  was o b ta in e d  by d i s s o c ia t io n  
and reco m b in a tio n  ex p e rim en ts . H y b r id iz a tio n  o f  th e  LDH  ̂ f r a c t io n  
from th e  th r e e  developm enta l s ta g e s  in d ic a te s  t h a t  they  a re  p ro d u c ts  
o f  th e  same gene. The same i s  t r u e  fo r  th e  LDH  ̂ f r a c t io n  i n  th e  
nymph and a d u l t .
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